Toosendanin (TSN) is the main active compound in Toosendan Fructus and Meliae Cortex, two commonly used traditional Chinese medicines. TSN has been reported to induce hepatotoxicity, but its mechanism remains unclear. In this study, we demonstrated the critical role of nuclear factor erythroid 2-related factor 2 (Nrf2) in protecting against TSN-induced hepatotoxicity in mice and human normal liver L-02 cells. In mice, administration of TSN (10 mg/kg)-induced acute liver injury evidenced by increased serum alanine/ aspartate aminotransferase (ALT/AST) and alkaline phosphatase (ALP) activities, and total bilirubin (TBiL) content as well as the histological changes. Furthermore, TSN markedly increased liver reactive oxygen species (ROS) and malondialdehyde (MDA) levels, and decreased liver glutathione (GSH) content and Nrf2 expression. In L-02 cells, TSN (2 μM) time-dependently reduced glutamatecysteine ligase (GCL) activity and cellular expression of the catalytic/modify subunit of GCL (GCLC/GCLM). Moreover, TSN reduced cellular GSH content and the increased ROS formation, and time-dependently decreased Nrf2 expression and increased the expression of the Nrf2 inhibitor protein kelch-like ECH-associated protein-1 (Keap1). Pre-administration of quercetin (40, 80 mg/kg) effectively inhibited TSN-induced liver oxidative injury and reversed the decreased expression of Nrf2 and GCLC/GCLM in vivo and in vitro. In addition, the quercetin-provided protection against TSN-induced hepatotoxicity was diminished in Nrf2 knock-out mice.
INTRODUCTION
Traditional Chinese medicines (TCMs) have been used to treat diseases in China for thousands of years. Currently, they are generally used as alternative and complementary medicines, not only in China but also in the United States, Europe, and Singapore [1] [2] [3] . The World Health Organization estimates that~50-80% of the population in the world uses herbal medicines. With the wide acceptance of TCMs throughout the world, increasing clinical cases of liver injury induced by herbal medicines have been reported recently [1] [2] [3] [4] . Especially in China, it was reported that 44.2% cases of liver injury were caused by herbal medicines from 2009 to 2012 [1] . Therefore, we shall pay more attention to TCMinduced hepatotoxicity.
Toosendanin (TSN), a triterpenoid saponin, is the main active compound in Toosendan Fructus (also known as Chuan Lian-Zi) and Meliae Cortex (also known as Ku Lian-Pi) [5, 6] . Toosendan Fructus and Meliae Cortex are traditionally used as digestive tract parasiticides and insecticides in TCMs, and they also have an analgesic effect. However, they have been long documented to be toxic drugs [5, 6] . Recently, an increasing number of studies have demonstrated the promising anti-tumor efficacy and insecticidal activity of TSN [7] [8] [9] [10] [11] [12] [13] . However, TSN was also reported to induce serious hepatotoxicity. TSN caused the death of primary rat hepatocytes by inducing mitochondrial dysfunction and caspase activation [14] . TSN also induced serious liver injury in mice by causing liver glutathione (GSH) depletion, mitochondrial dysfunction, and lipid dysmetabolism [15] .
Nuclear factor erythroid 2-related factor 2 (Nrf2), a key oxidative stress-mediated transcription factor, regulates the constitutive and inducible expression of various genes involved in antioxidative responses and detoxification [16, 17] . Nrf2 has already been a prospective target for new therapeutics in liver disease [17, 18] . Some natural Nrf2 activators have been reported to have great potential in the treatment of liver injury [19] . However, whether Nrf2 is critically involved in preventing TSN-induced liver injury remains unknown. This study aimed to observe the important protective role of Nrf2 against TSN-induced hepatotoxicity.
Quercetin is a natural flavonoid with well-known antioxidant capacity [20] . Quercetin has been reported to alleviate liver injury induced by various hepatotoxicants, including pyrrolizidine alkaloids, nickel, lipopolysaccharides/D-galactosamine, triptolide, and carbon tetrachloride [21] [22] [23] [24] [25] [26] . Our previous in vitro study showed that quercetin reversed TSN-induced cytotoxicity in human normal liver L-02 cells [27] , indicating the potential detoxification of quercetin against TSN-induced liver injury. Moreover, some reports demonstrated that the hepatoprotective effects of quercetin were due to Nrf2 activation [23, [27] [28] [29] . In this study, whether quercetin can alleviate TSN-induced liver injury by inducing Nrf2 activation was also studied, which will be helpful to further confirm the critical protective role of Nrf2 in TSN-induced hepatotoxicity.
MATERIALS AND METHODS

Reagents
Quercetin was purchased from Sigma Chemical Co. (St. Louis, MO, USA). TSN (purity > 98.0%) was purchased from Shanghai Tauto Biotech Co., Ltd (Shanghai, China). Kits to detect alanine/aspartate aminotransferase (ALT/AST) and alkaline phosphatase (ALP) activity as well as the total bilirubin (TBil), malondialdehyde (MDA), GSH, and oxidized glutathione (GSSG) contents were all purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). TRIzol, 2′-7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA) and Lipofectamine 3000 were purchased from Life Technology (Carlsbad, CA, USA). The Cignal Reporter Assay kit for Nrf2/Nrf1 was obtained from Qiagen (Hilden, Germany). The Duan-Glo Luciferase Assay System was purchased from Promega (Madison, WI, USA). Antibodies against ubiquitin and β-actin were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against Nrf2, catalytic/modify subunit of glutamate-cysteine ligase (GCLC/ GCLM), kelch-like ECH-associated protein-1 (Keap1) and p62 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Peroxidase-conjugated goat anti-Rabbit IgG (H + L) and anti-Mouse IgG (H + L) were purchased from Jackson ImmunoResearch (West Grove, PA, USA). The whole-cell protein extraction kit and enhanced chemiluminescence kit were obtained from Millipore (Darmstadt, Germany). The BCA protein assay kit was purchased from ThermoFisher Scientific (Waltham, MA, USA). The PrimeScript Master Mix and SYBR Premix Ex Taq were purchased from Takara (Shiga, Japan). Other reagents, unless indicated, were purchased from Sigma Chemical Co. (St. Louis, MO, USA). b L-02 cells were incubated with TSN (2 μM) for the indicated time, and cell viability was detected. c L-02 cells were incubated with different concentrations of TSN for 24 h or 36 h, and cellular ROS formation was detected. d L-02 cells were incubated with different concentrations of TSN for 48 h, and the cellular GSH content was detected. e L-02 cells were incubated with different concentrations of TSN for 48 h, and cellular GSH/GSSG was determined. f L-02 cells were pre-incubated with BSO (20 μM) for 12 h and were further incubated with TSN (2 μM) for 48 h, and then the cellular GSH content was determined. g L-02 cells were pre-incubated with BSO (20 μM) for 12 h and were further incubated with TSN (2 μM) for 48 h, and then the cell viability was determined. h L-02 cells were pre-incubated with NAC (5 mM) for 2 h and were further incubated with TSN (2 μM) for 48 h, and then the cellular GSH content was determined. i L-02 cells were pre-incubated with NAC (5, 10 mM) for 15 min and were further incubated with TSN (2 μM) for 48 h, and then the cell viability was determined. The data are expressed as the mean ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control;
Cell culture
The L-02 cell line was purchased from Cell Bank, Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI 1640 supplemented with 10% [v/v] fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin and 100 mg/ mL streptomycin.
Cell viability assay Cells were incubated with TSN for 48 h or were incubated with TSN (2 μM) for the indicated time. After treatment, cells were incubated with 500 μg/mL 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetra-zolium bromide for 4 h. The formed blue formazan was dissolved in 10% SDS-5% iso-butanol-0.01 M HCl as described previously [27] , and the optical density was measured at 570 with 630 nm as a reference. Cell viability was normalized as a percentage of the control.
Measurement of cellular and hepatic ROS Cells were incubated with H 2 DCFDA (20 μM) and TSN for the indicated time. Cellular reactive oxygen species (ROS) formation and the hepatic ROS level were measured as described in our previously published paper [30] . The results were calculated as units of fluorescence per microgram of protein and were presented as the ratio of the control.
Measurement of the GSH and GSSG contents
The cellular and hepatic GSH contents were determined using commercial kits. The GSH level was expressed as nmol/mg protein based on the liver and cellular protein concentrations.
Measurement of GCL activity Cells were pre-incubated with or without quercetin (25, 50 μM) for 15 min and were then incubated with TSN (2 μM) for the indicated time. After treatment, the cellular glutamate-cysteine ligase (GCL) activity was assayed as described in our previously published study [31] . GCL activity was calculated based on the protein concentration and was expressed as U/mg protein, where 1 unit of GCL activity was equal to the quantity of the oxidation of 1 mM NADPH per min.
Real-time PCR analysis Cells were pre-incubated with or without quercetin (25, 50 μM) for 15 min and then were incubated with TSN (2 μM) for the indicated time. Cellular and hepatic RNA were extracted using TRIzol reagent. cDNA was synthesized, and real-time PCR was conducted. The relative expression of target genes was normalized to that of GAPDH or actin, analyzed by the 2 −ΔΔCt method and given as a ratio compared with the control. The primer sequences are shown in Supplementary Table 1 .
Western blot analysis Cells were pre-incubated with or without quercetin (25, 50 μM) for 15 min and were then incubated with TSN (2 μM) for the indicated time. After treatment, cellular proteins were isolated using wholecell protein extraction kits. Liver samples were homogenized in lysis buffer containing 50 mM Tris (pH 7.5), 1 mM EDTA, 150 mM NaCl, 20 mM NaF, 0.5% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 μg/mL aprotinin, 10 μg/mL leupeptin, and 10 μg/mL pepstatin A and were then centrifuged at 3000×g for 3 min, The data are expressed as the mean ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control followed by transfer of the supernatant to new tubes. The protein concentrations were measured, and all of the samples in the same experiment were normalized to an equal protein concentration.
The protein samples were separated by SDS-PAGE gel electrophoresis, transferred to a PVDF membrane and incubated with the appropriate combination of primary and secondary antibodies. Proteins were visualized using a chemiluminescent kit. The gray densities of the protein bands were normalized using the β-actin density, and the results were further normalized to the control values.
Nrf2/Nrf1 luciferase reporter assay The Nrf2/Nrf1 luciferase reporter assay was performed as described previously using commercial kits. Briefly, L-02 cells were transfected with a Nrf2/1 transcription response elementcontaining construct using Lipofectamine 3000. After 24 h of . b L-02 cells were incubated with TSN (2 μM) for the indicated time, and cellular protein expression of Nrf2, keap1, and p62 was detected. The results represent three to four independent experiments. c Quantitative densitometric analysis of Nrf2, Keap1, and p62 protein (n = 3-4). d The Nrf2/1 transcription response element-containing construct was transfected into L-02 cells. After transfection, the cells were incubated with TSN (2 μM) for the indicated time. Luciferase activities were measured using a luciferase assay system. Nrf2/1 luciferase activity was expressed as a fold induction of control cells (n = 3). e L-02 cells were pre-treated with MG132 (20 μM) for 2 h and were then incubated with TSN (2 μM) for another 36 h. Cell extracts were subjected to immunoprecipitation with anti-Nrf2 antibody, and the conjugates were detected with anti-ubiquitin and anti-Nrf2 antibodies. Each blot represents one of three independent experiments. f L-02 cells were pre-treated with MG132 (20 μM) for 2 h and were then incubated with TSN (2 μM) for another 36 h. Cellular Nrf2 expression was detected, and β-actin was used as a loading control. The results represent three repeated experiments. g Quantitative densitometric analysis of Nrf2 protein (n = 3). The data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; transfection, the cells were pre-treated with or without quercetin for 15 min and were then incubated with TSN for the additional indicated time. Luciferase activities were measured using the Duan-Glo Luciferase Assay System, and the constitutively expressed Renilla luciferase was used as an internal control.
Immunoprecipitation assay To identify polyubiquitinated Nrf2, cells were pre-incubated with the proteasome-specific inhibitor MG132 (20 μM) for 2 h and were then incubated with TSN (2 μM) for another 36 h. Cells were lysed in RIPA lysis buffer and the protein concentration was detected, and then, equal amounts of protein were subjected to immunoprecipitation with the anti-Nrf2 antibody as described in kits. The immunoprecipitate was separated via SDS-PAGE, and the conjugates were detected using anti-ubiquitin and anti-Nrf2 antibodies. As a control for the expression of Nrf2 protein, Western blot analysis was also performed using an anti-actin antibody.
Experimental animals Specific pathogen-free male C57BL/6 mice (16-20 g body weight) were purchased from Shanghai Laboratory Animal Center of Chinese Academy of Science (Shanghai, China). Nrf2 knock-out (Nrf2 −/− ) C57BL/6 mice were generated by SiDanSai Biotechnology, Inc. (Shanghai, China), using transcription activator-like effector nucleus (TALEN) technology. A pair of TALEN constructs for Nrf2 knock-out were cloned into the mammalian expression vector pCMV-TALEN, and capped, polyA-tailed mRNA for injection was produced using the Ambion mMessage mMachine kits. C57BL/6 knock-out mice were produced by microinjecting TALEN mRNAs into fertilized eggs. The knock-out allele was sequence validated to have two missing base pairs (GA, 346-347 of the ORF), causing a frameshift and an early stop codon. DNA isolated from tail biopsies was used for genotyping. Western blotting was conducted to confirm the deletion of the Nrf2 protein in Nrf2 knock-out mice (Supplementary Figure 1) .
Animals were supplied with a standard laboratory diet and water ad libitum at a temperature of 22 ± 1°C with a 12-h lightdark cycle (6:00-18:00) and 65 ± 5% humidity. All animals received humane care in compliance with the institutional animal care guidelines approved by the Experimental Animal Ethical Committee, Shanghai University of Traditional Chinese Medicine.
Animal treatments
To detect the hepatotoxicity induced by TSN, C57BL/6 male mice were randomly divided into 5 groups: (1) normal control (n = 6), (2) vehicle control (n = 6), (3) TSN (6 h) (n = 9), (4) TSN (12 h) (n = 9), and (5) TSN (24 h) (n = 9). TSN was dissolved in 10% propylene glycol and was administered (intraperitoneal injection, i.p.) into mice once at a dose of 10 mg/kg. Mice in the vehicle control group were administered 10% propylene glycol (i.p.). Mice were killed at different indicated time after TSN injection, and plasma and liver tissue were collected. . e Liver ROS level. f Liver MDA content. g Liver GSH amount. The data are expressed as the mean ± SEM (n = 6-9). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. PG propylene glycol. Scale bar: 100 μm To detect the protection of quercetin against TSN-induced liver injury, forty-eight C57BL/6 male mice were randomly divided into six groups: (1) normal control (n = 8), (2) vehicle control (n = 8), (3) TSN (n = 8), (4) TSN + quercetin (40 mg/kg) (n = 8), (5) TSN + quercetin (80 mg/kg) (n = 8), and (6) quercetin (80 mg/kg) (n = 8). Mice were pre-administered orally with quercetin (intragastric administration, i. g.) (40, 80 mg/kg) for 7 consecutive days and were administered a single dose of TSN (10 mg/kg, i.p.) at 1 h after quercetin administration at the seventh day. Mice were killed at 24 h after the TSN injection, and plasma and liver tissue were collected.
To determine the critical role of Nrf2 in the quercetin-provided protection against TSN-induced liver injury, Nrf2 +/+ and Nrf2 −/− C57BL/6 male mice were randomly divided into three groups: (1) vehicle control, (2) TSN, and (3) TSN + quercetin. Each group contained six mice. Mice were pre-administered quercetin (80 mg/ kg, i.g.) for seven consecutive days. On the last day, mice were administered TSN (10 mg/kg, i.p.) 1 h after quercetin administration. Mice were killed at 24 h after the TSN injection, and plasma and liver tissue samples were collected.
Serum biochemistry analysis Fresh blood was obtained and kept at room temperature for 1 h. Serum was collected after centrifugation at 850×g for 15 min. The serum ALT/AST and ALP activity and TBil content were determined using commercial kits.
Liver histological observation A piece of the liver was fixed in a 10% phosphate-buffered salineformalin solution and embedded in paraffin. Samples were sectioned (5 μm) and stained with hematoxylin-eosin (H&E) and were then observed under a microscope (Olympus, Japan).
Measurement of liver lipid peroxidation MDA, formed as the product of liver lipid peroxidation (LPO) and serving as an index for LPO, was determined as described in the kits. The MDA content is expressed as nmol/mg protein based on the liver protein concentration.
Statistical analysis
The data are expressed as the mean ± standard error of the mean (SEM). The significance of differences between groups was evaluated by one-way ANOVA with the LSD post-hoc test, and P < 0.05 was deemed to indicate statistically significant differences.
RESULTS
TSN induces cytotoxicity in hepatocytes in vitro TSN (0.01-10 μM) decreased cell viability in human normal liver L-02 cells in a concentration-dependent manner (Fig. 1a) . TSN (2 μM) also obviously reduced cell viability in L-02 cells in a timedependent manner (Fig. 1b) . TSN (2-10 μM) increased cellular ROS formation in L-02 cells in a concentration-dependent manner after cells were incubated with TSN for 24 h or 36 h (Fig. 1c) . The data in Fig. 1d and e showed that TSN decreased the cellular GSH content and GSH/GSSG ratio in L-02 cells. L-Buthionine-(S, R)-sulfoximine (BSO), an inhibitor of GCL, is a rate-limiting enzyme for cellular GSH biosynthesis [32] . BSO further reduced the TSNinduced decrease in the cellular GSH content and cell viability in L-02 cells (Fig. 1f, g ). N-acetyl-cysteine (NAC), a precursor of cellular GSH biosynthesis [33] , reversed the decreased cellular GSH content and cell viability induced by TSN in L-02 cells (Fig. 1h, i) . . The data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. PG propylene glycol TSN decreases GCLC/GCLM expression and GCL activity in hepatocytes As shown in Fig. 2a , TSN (2 μM) decreased GCL activity after incubation for 24, 36, and 48 h in L-02 cells. Next, the data in Fig. 2b showed that TSN decreased cellular mRNA expression of GCLC and GCLM, which are catalytic and regulatory subunits of GCL, respectively [34] . Further results showed that TSN decreased cellular protein expression of GCLC and GCLM in L-02 cells after incubation with cells for 24, 36, and 48 h (Fig. 2c, d ).
TSN reduces the expression and activation of Nrf2 in hepatocyte
The expression of GCLC and GCLM was reported to be regulated by the key antioxidant transcription factor Nrf2 [34] . Next, we observed the effect of TSN on Nrf2 expression in hepatocytes. The data in Fig. 3a showed that TSN (2 μM) reduced cellular mRNA expression of Nrf2 in L-02 cells in a time-dependent manner. TSN (2 μM) also reduced cellular protein expression of Nrf2 and p62 and increased Keap1 expression in L-02 cells (Fig. 3b, c) . Moreover, the luciferase reporter assay showed that TSN (2 μM) reduced Nrf2/1 transcriptional activation in L-02 cells after incubation for the indicated time (Fig. 3d) . Further results showed that TSN (2 μM) weakly induced accumulated polyubiquitination of the Nrf2 protein in the presence of the proteasome inhibitor MG132 in L-02 cells (Fig. 3e) . In addition, the data in Fig. 3f and g showed that TSN (2 μM) decreased Nrf2 protein expression in L-02 cells, but MG132 (20 μM) reversed this decrease. All of these results indicate the occurrence of ubiquitin/proteasome-mediated Nrf2 protein degradation induced by TSN.
TSN induces acute liver injury in mice When mice were treated with TSN (10 mg/kg) at different time, TSN increased the serum ALT/AST activity in a time-dependent manner (Fig. 4a) . TSN increased the serum ALP activity and TBil content when mice were treated with TSN for 24 h (Fig. 4b, c) . TSN also increased the serum TBil content when mice were treated with TSN for 12 h (Fig. 4c) . The results of the liver histological evaluation further demonstrated liver injury induced by TSN. Particularly, in mice treated with TSN for 24 h, serious liver damage e Quantitative densitometric analysis of Nrf2, GCLC, and GCLM (n = 3). f L-02 cells were pre-incubated with quercetin (25, 50 μM) for 15 min and were then further incubated with TSN (2 μM) for 48 h. Cellular mRNA expression of GCLC and GCLM was detected (n = 5-6). g L-02 cells were pre-incubated with quercetin (25, 50 μM) for 15 min and were then further incubated with TSN (2 μM) for 48 h. Cellular GCL activity was detected (n = 4). h L-02 cells were pre-incubated with quercetin (25 μM) for 15 min and were then further incubated with different concentrations of TSN for 48 h. The cellular GSH content was detected (n = 3). The data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; # P < 0.05, ## P < 0.01, ### P < 0.001 vs. TSN occurred and included intrahepatic hemorrhage, hepatic infiltration of immune cells, nuclear pyknosis, and hepatocyte death (Fig. 4d) . Next, TSN was shown to increase the liver MDA and ROS contents but decrease the liver GSH content in mice after treatment with TSN for 24 h (Fig. 4e-g ).
TSN reduces hepatic expression of Nrf2 and its downstream GCLC/ GCLM in mice As shown in Fig. 5a and b, TSN reduced hepatic mRNA expression of Nrf2 and its dependent downstream genes, including GCLC and GCLM, after mice were treated with TSN for 6, 12, and 24 h. TSN also decreased hepatic protein expression of Nrf2, GCLC, and GCLM after mice were treated with TSN for 12 and 24 h (Fig. 5c, d ).
Quercetin reverses the decreased Nrf2 activation and the increased cytotoxicity induced by TSN in hepatocytes The data in Fig. 6a showed that quercetin (12.5, 25 μM) reversed the reduced cell viability in L-02 cells induced by TSN (2 μM).
Quercetin (25, 50 μM) reversed the decreased Nrf2 mRNA expression induced by TSN in L-02 hepatocytes (Fig. 6b) . The TSN-induced decrease in Nrf2/1 transcriptional activation in hepatocytes was reversed by quercetin (25, 50 μM) (Fig. 6c) . Western blot analysis further showed that quercetin (25, 50 μM) reversed the reduced cellular expression of Nrf2, GCLC, and GCLM induced by TSN in L-02 hepatocytes (Fig. 6d, e) . In addition, quercetin (25, 50 μM) reversed the decreased mRNA expression of GCLC and GCLM induced by TSN in L-02 hepatocytes (Fig. 6f) . Quercetin (25, 50 μM) reversed the decreased cellular GCL activity induced by TSN in L-02 hepatocytes (Fig. 6g) . Moreover, the TSNinduced decrease in the cellular GSH content was reversed by quercetin (25 μM) (Fig. 6h) .
Quercetin reverses TSN-induced liver injury in mice Fig. 7a and b shows that quercetin (40, 80 mg/kg) reduced the elevated serum ALT, AST, and ALP activities induced by TSN (10 mg/kg) in mice. Quercetin (80 mg/kg) alone exhibited no Fig. 7 Quercetin reverses TSN-induced liver injury in mice. C57BL/6 mice were pre-treated with quercetin (Quer; 40, 80 mg/kg) for seven consecutive days and were then administered a single dose of TSN (10 mg/kg) at 1 h after quercetin administration on the seventh day. Mice were killed at 24 h after TSN administration. a Serum ALT/AST activity (n = 8). b Serum ALP activity (n = 7-8). c Liver GSH content (n = 6). d Liver ROS level (n = 6). e Liver MDA content (n = 6). f Hepatic mRNA expression of Nrf2 (n = 3). g Hepatic protein expression of Nrf2. The results represent four repeated experiments. h Quantitative densitometric analysis of Nrf2 (n = 4). i Histological evaluation of liver injury. Typical images were chosen from each experimental group (original magnification, ×100, upper images; partial enlarged pictures, ×200, a. control; b. TSN; c. TSN+Quer 40 mg/kg; d. TSN+Quer 80 mg/kg; e. 10% PC; f. Quer 80 mg/kg). The data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; # P < 0.05, ## P < 0.01, ### P < 0.001 vs. TSN. PG propylene glycol. Scale bar: 100 μm hepatotoxicity in mice. Quercetin (40, 80 mg/kg) also reversed the decreased liver GSH content and increased hepatic ROS formation induced by TSN in mice (Fig. 7c, d ). Quercetin (80 mg/kg) reduced the TSN-induced increase in the liver MDA content in mice (Fig. 7e) . Subsequently, quercetin (80 mg/kg) reversed the decreased hepatic mRNA and protein expression levels of Nrf2 induced by TSN in mice (Fig. 7f-h ). Finally, liver histological observation also demonstrated the protection of quercetin against TSN-induced liver damage, including reduced intrahepatic hemorrhage and decreased nuclear pyknosis (Fig. 7i ).
Nrf2 is critical for the protection of quercetin against TSN-induced liver injury in mice Next, Nrf2 knock-out mice were used to confirm the critical role of Nrf2 in TSN-induced hepatotoxicity. As shown in Fig. 8a and b, quercetin (80 mg/kg) significantly reduced the increased serum ALT and AST activities induced by TSN in wild-type mice, but quercetin (80 mg/kg) had no inhibitory effect on the TSN-induced increase in serum ALT and AST activities in Nrf2 knock-out mice. Moreover, the TSN-induced increase in serum ALT and AST activities was significantly higher in Nrf2 knock-out mice than in wild-type mice (Fig. 8a, b) . Further liver histological evaluation showed that quercetin prevented TSN-induced liver damage in wild-type mice, including reduced hepatocyte death and decreased nuclear pyknosis (Fig. 8c) . However, such protection was diminished in Nrf2 knock-out mice.
DISCUSSION TSN is the main active compound in Toosendan Fructus and Meliae Cortex and has well-known insecticidal activity [12, 13] . Recently, an increasing number of studies have focused on studying the anti-cancer effect of TSN and its mechanism. These studies showed that the effective anti-cancer dose of TSN in vivo is <1 mg/kg and that the effective anti-cancer concentration of TSN in vitro is <500 nM [7-11, 35, 36] . TSN has already been reported to induce hepatotoxicity both in vivo and in vitro [14, 15] . In this study, TSN was also found to induce hepatotoxicity in mouse (10 mg/kg) and human normal liver L-02 hepatocytes (500 nM TSN results in the reduction of cell viability by 20%). Our results and those of previous studies suggest that we should focus more on TSN-induced hepatotoxicity when studying its anti-tumor activity. In addition, this study also alerts people to hepatotoxicity induced by TSN-containing TCMs such as Toosendan Fructus and Meliae Cortex.
The result of ROS formation and amount of MDA indicated that TSN induced liver oxidative injury both in vivo and in vitro. GSH, a well-known antioxidant sulfhydryl (-SH) tripeptide, is important for the maintenance of the cellular redox state and prevention of oxidative injury [37] . TSN was found to decrease the hepatic GSH content in mice and the cellular GSH content in hepatocytes. The GSH biosynthesis inhibitor BSO aggravated the TSN-induced decrease in cell viability and GSH content, but the GSH precursor NAC reversed these phenomena. Those results confirmed the critical protection of GSH against TSN-induced hepatotoxicity.
GCL is the rate-limiting enzyme for cellular GSH biosynthesis [34] . In this study, TSN was found to decrease GCL enzymatic activity. Moreover, TSN decreased the expression of GCLC and GCLM both in vitro and in vivo, possibly explaining why TSN reduced GCL enzymatic activity. GCLC and GCLM are both reported to be Nrf2-dependent downstream genes [34] . Further results showed that TSN decreased Nrf2 expression, thus leading to reduced transcriptional activation of Nrf2. All of these results imply that TSN decreased the GSH content by reducing GCL activity via inhibition of Nrf2-mediated GCLC/GCLM expression.
Keap1 is an adapter for Cul3/Rbx1-mediated protein degradation of Nrf2 and acts as an inhibitor protein for Nrf2 by binding to Fig. 8 Nrf2 is critical to protect quercetin against TSN-induced liver injury in mice. C57BL/6 wild-type (WT) and Nrf2 knock-out (KO) mice were pre-treated with quercetin (Quer; 80 mg/kg) for seven consecutive days and were then administered a single dose of TSN (10 mg/kg) 1 h after quercetin administration on the seventh day. Mice were killed 24 h after TSN administration. a Serum ALT activity. b Serum AST activity. c Histological evaluation of liver injury. Typical images were chosen from each experimental group (original magnification, ×100, upper images; partial enlarged pictures, ×200, a. control; b. TSN; c. TSN+Quer). The data are expressed as the mean ± SEM (n = 6). **P < 0.01 vs. control; # P < 0.05, ## P < 0.01 v.s. TSN; & P < 0.05 vs. WT mice. Scale bar: 100 μm Nrf2 [16] . P62 was reported to activate Nrf2 by binding to Keap1, thus leading to the dissociation of Nrf2 and Keap1 [38] . In this study, TSN increased Keap1 expression and decreased p62 expression, which may cause the dissociation of Nrf2/Keap1 and lead to Nrf2 degradation. Further results showed that TSN induced Nrf2 polyubiquitination in hepatocytes and that the proteasome inhibitor MG132 reversed the TSN-induced decrease in Nrf2 expression. These results imply that TSN induces ubiquitin/ proteasome-mediated Nrf2 protein degradation. TSN also decreased Nrf2 mRNA expression both in vivo and in vitro. Thus, TSN decreased Nrf2 expression not only by inhibiting gene expression but also by inducing protein degradation. Next, whether quercetin can alleviate TSN-induced liver injury by inducing Nrf2 activation was investigated. Quercetin was found to prevent TSN-induced hepatotoxicity both in vitro and in vivo. Quercetin reversed the decreased Nrf2 and GCLC/GCLM expression, GCL activity and GSH content induced by TSN. Those results indicate that quercetin prevents TSN-induced hepatotoxicity via attenuation of liver oxidative injury by enhancing Nrf2-mediated GCLC/GCLM expression and subsequent GSH biosynthesis. Previous studies have already demonstrated that quercetin can prevent various hepatotoxicant-induced liver oxidative injuries by inducing Nrf2 activation [23, [27] [28] [29] . This study further confirmed the critical protective role of Nrf2 involved in this quercetinprovided hepatoprotective effect. Moreover, some studies showed that quercetin exists in Toosendan Fructus [39] and that its content was 4.30-20.48 μg/g, which is~7-10 times of the content of TSN (0.6-20.00 μg/g) [5] . Thus, quercetin-provided the protection against TSN-induced hepatotoxicity in this study further implies that detoxifying ingredients exist in toxic Toosendan Fructus itself, indicating the rational application of TCMs as a whole medicine. Moreover, numerous studies demonstrated the possible therapeutic value of quercetin for cancer prevention and intervention [40] [41] [42] , implying that the combination of quercetin with TSN may be a good strategy for cancer prevention.
To further confirm the critical role of Nrf2 in TSN-induced liver injury, Nrf2 knock-out mice were used. TSN-induced liver injury was more serious in Nrf2 knock-out mice than in wild-type mice, and the quercetin-provided protection against TSN-induced hepatotoxicity was diminished in Nrf2 knock-out mice. These results imply that Nrf2 is critical to prevent TSN-induced liver injury.
In summary, this study showed, for the first time, the critical protective role of Nrf2 against TSN-induced hepatotoxicity. TSN decreased the GSH content by reducing Nrf2-mediated GCLC/ GCLM expression by inducing Nrf2 protein degradation and decreasing Nrf2 mRNA expression; and quercetin alleviated TSNinduced hepatotoxicity by activating the Nrf2/GCL/GSH antioxidant signaling pathway. Inducing Nrf2 activation may be an effective approach to prevent liver injury caused by TSN and TCMs containing TSN.
